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The automotive industry and suppliers 
have implemented numerous innovations 
with the objective of reducing the CO2 
emissions of individual transport. Exam-
ples are general lightweight designs and 
optimizations to the exhaust gas system 
as well as numerous detailed solutions for 
engine technology. For many years, trans-
mission technology has also been con-
tributing to the continuous reduction of 
fuel consumption and emissions. This has 
usually been accompanied by an increase 
in the number of gears. This increased 
number of gears and the smaller trans-
mission ratio spread result in smooth, 
more comfortable and hardly perceivable 
gearshift operations. At the same time, 
each additional gear has enabled reduc-
tions in fuel consumption and emissions 
by several percentage points by approxi-
mating the optimal tractive force hyper-
bola (Figure 1).
With the increased number of gears, 
the number of planetary gear sets in auto-
matic transmissions also tended to be in-
creased. This trend was not linear in rela-
tion to the number of gears due to the 
intelligent control of the flows of force. The 
design envelope of the transmission, 
however, remained the same. The indi-
vidual transmission components therefore 
had to become smaller and more com-
pact. This requirement often created spe-
cial challenges for the design and dimen-
sioning of components. At the same time, 
the requirements for the materials and 
manufacturing technologies used have in-
creased. 
Schaeffler has been able to make sig-
nificant contributions to reducing emis-
sions and fuel consumption by continu-
ously optimizing planet gear bearings and 
axial needle roller bearings. Recent analy-
ses have shown that even inconspicuous 
new developments can offer great poten-
tial. The most recent example is the new 
axial needle roller bearing support for 
planet gears. This development is consid-
ered a first in rolling bearing technology 
and can contribute to reducing CO2 emis-
sions by up to 1 g/km with low additional 
costs.
Trends and challenges
The further development of transmission 
technology has increased the subsequent 
requirements for modern planetary gear 
sets by more than 50 % during the last 
few years. This is because fuel consump-
tion can only be reduced by means of 
smaller jumps in speed, which requires a 
wider transmission ratio spread and 
causes additional outlay for the design of 
the transmission, for example due to an 
additional planetary gear set required. 
The center distances in the planetary gear 
set are also becoming larger in order to 
achieve the required forces and moments 





















Figure 1 Reductions in fuel consumption 
based on transmission development
Schaeffler Technologies GmbH & Co. KG, Solving the Powertrain Puzzle,
DOI 10.1007/978-3-658-06430-3_18, © The Author(s) 2014
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and the speed of the planet carrier cause 
high centrifugal force loads at individual 
operating points of the transmission. Of-
ten, the centrifugal forces even increase 
considerably. This results in higher loads 
acting on the planet carrier, the planet 
gear, and the planet gear bearing. The 
maximum carrier speed and the maxi-
mum centrifugal acceleration are now 
slightly above the currently valid limits. 
However, these values can be controlled 
with adequate development outlay.
The number of gears in automatic trans-
missions can be increased by using addi-
tional shift elements or more planet stages. 
Looking back at the six-speed automatic 
transmission, the number of gears could be 
increased further by using a fourth plane-
tary gear set. This additional planet stage 
has proved ideal with regard to constant or 
reduced drag losses due to open shift ele-
ments. [1]
Certain cases, however, require an au-
tomatic transmission with a particularly 
space-saving design in order to use it in 
front transverse applications, for example. 
The most suitable method for saving 
space is the nesting of planetary gear 
sets. As a result, the outer nested gear set 
has a comparably large center distance 
(Figure 2) [2].
Previous requirements for planetary 
gear sets have been implemented by using 
state-of-the-art bearing supports for the 
planet gears. This means that bearing loads 
of up to 3,500 times the acceleration due to 
gravity (g = 9.81 m/s²) can be managed us-
ing current manufacturing methods. How-
ever, the latest generation of automatic 
transmissions must meet bearing load 
specifications of up to 6,700 g, and future 
transmissions must even be designed for 
up to 8,000 g. The basis for this is the de-
pendency of the centrifugal acceleration on 
the speed of the load-bearing component 
(Figure 3). 
The following comparisons can give a 
better idea of the occurring forces. For ex-
ample, forces of around 4 g act on the hu-
man body in a carousel. A fighter pilot is 
subjected to up to 25 g when the ejection 
seat is fired. The forces of up to 6,700 g 
acting on a planet gear bearing can also 
be explained using this example: If a nee-
Wider transmission ratio spread 4 10
More planetary gear sets 3 4
Larger center distance in % + 20
Higher planet carrier speed in rpm 4,000 10,000
Higher planet gear speed in rpm 10,000 20,000
Higher needle roller speed in rpm 50,000 100,000
Increased acceleration value in g 1,000 6,700
Figure 2 Challenges for the transmission and effects on the components
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dle roller in a planet gear bearing weighs 
one gram, an acceleration of 6,700 g re-
sults in a mass of around 6.7 kg. Such val-
ues push the limits of design and materi-
als technology and require innovative 
development solutions.
Power losses
Even though transmissions generally have 
relatively high levels of efficiency, losses 
cannot be completely prevented in indi-
vidual assemblies. They are mainly caused 
by the lockup clutch and its actuation sys-
tem in the converter. The one-way clutch 
supporting the stator is considered as 
relatively negligible in this regard. The ad-
jacent oil pump is increasingly actuated 
by means of a separate electromechani-
cal system. This means that energy must 
be used only when a specific oil quantity 
or oil pressure is required. The focus of 
planetary gear sets is on the influence of 
centrifugal force, the rolling friction of the 
gear teeth, the bearing friction, and the 
axial sliding friction of the planet gears. 
The main focus of bearings for automatic 
transmission components is on axial 
bearings, ball bearings, or radial plain 
guidance systems. Additional losses are 
due to the viscosity of the oil, the throt-
tling/pump effects of various rotating 
components, and churning losses.
Reducing frictional  
power
Planet gear bearings in general
The main purpose of planet gear bearings 
is to position the planet gears [3]. In addi-
tion, they must support forces and mo-
ments and ensure rotation of the planet 
gears with minimal friction. Bearings with 
needle roller and cage assemblies are 
mainly used due to the speed and cen-
trifugal force requirements. The cage, 
which is usually made of steel, guides and 
positions the rolling elements. The cages 
are generally manufactured using form-
ing, punching and welding methods in or-
der to ensure efficient production of the 
high quantities required for automotive 
applications.
The raceways for the rolling bearing 
are located directly on the gear set com-
ponents. The outer raceway is defined by 
the bore of the planet gear. The stud that 
is firmly located in the planet carrier pro-
vides the inner raceway. Special thrust 
washers facilitate the axial contact be-
tween the planets and the bearing cages. 
This design represents a cost-effective 
and highly functional bearing arrange-
ment.




























Figure 3 Changes in planet carrier speed
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The bearing itself comprises a specific 
number of load-bearing rolling elements 
(needle rollers) and a so-called cage, 
which guides the needle rollers both axi-
ally (cage rib) and in circumferential direc-
tion (cage crosspieces). The cage cross-
pieces have outer and inner retentions 
that retain the needle rollers radially and 
prevent them from falling out. The position 
of these retentions has been optimized so 
that cage stresses can be kept as low as 
possible. The pocket corner radii have 
also been optimized in order to reduce the 
component stresses.
Cage design
Another important point in the design of 
planet gear bearings is the friction behav-
ior. If the diameter, length or number of 
rolling elements are modified, this can re-
sult in significant changes in friction. The 
following comparison of the calculated 
friction components of two bearing de-
sign alternatives subjected solely to cen-
trifugal force loads demonstrates this as 
an example. Compared to the standard 
design with rolling elements with a diam-
eter of 2.5 mm, the alternative has thinner 
rolling elements with a diameter of 2.0 mm 
and therefore a slightly larger inner race-
way diameter. With the same static load 
ratings, the friction of the rolling elements 
with the smaller diameter is reduced by 
around 11 %.
Cage friction depends on the selected 
rolling element diameter and therefore has 
a significant influence on the friction be-
havior of the bearings. This presents var-
ied challenges for the design of planet 
gear bearings as it must combine suffi-
cient load ratings and cage strength with 
minimal friction. 
Coating
Adapted coatings for bearing cages also 
play an important role in increasing the ef-
ficiency of planet gear bearings. The bear-
ing cage is subjected to sliding contact 
due to the occurring loads. For example, 
the rolling elements are pressed against 
the outer retentions of the crosspieces 
when subjected to centrifugal force, and 
the outside surface of the cage is pressed 
into the planet bore. 
Simulations have shown that optimizing 
the contact surfaces of the cage is advan-
tageous as they account for up to 70 % of 
the friction. The rolling surfaces of the nee-
dle rollers and the raceways are less 
suitable for low-friction coatings as they 
already meet the highest surface require-
ments in order to function as rolling race-
ways. 
Coatings based on zinc phosphate 
(Durotect Z) or manganese phosphate (Du-
rotect M) improve the sliding and wear be-
havior of metal contact surfaces that slide 
against each other and also contribute to 
corrosion protection. Due to their capabili-
ty of storing oil, the layers are also used 
specifically for sliding contact surfaces. 
The previously used Durotect Z layer has 
been replaced by the Durotect M layer for 
planet bearing applications. Practical ex-
perience has shown that this layer achieves 
significant advantages in terms of friction 
and wear.
If additional increases in efficiency 
are required, a specially developed coat-
ing based on nickel and phosphorus (Du-
rotect NP) is used on the bearing cages 
to reduce friction. This layer offers very 
good adhesive wear resistance, excellent 
dry running characteristics, and temper-
ature resistance in combination with out-
standing sliding and anti-adhesive char-
acteristics. 
The measured frictional power using 
Durotect M is approximately 10 % lower 
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compared to the previously used Durotect Z 
layer. A significant reduction in wear has 
also been achieved. The Durotect NP coat-
ing additionally reduces friction by a further 
13 %.
Planet gear design
In order to investigate possible optimiza-
tions for planet gear design, Schaeffler 
modified the parameters of the bearing 
support of a planet gear while maintaining 
the same gear teeth. The objective was to 
achieve the maximum possible planet 
gear inside diameter, which at the same 
time requires the minimum possible wall 
thickness and the maximum possible out-
er raceway of the bearing. Varying rolling 
element diameters and the correspond-
ingly required number of rolling elements 
in the pitch circle diameter were used to 
determine the radial bearing support ge-
ometry with the longest rating life. This 
specified geometry also determines the 
raceway inside diameter and the size of 
the planet gear stud. 
The smaller wall thickness reduces the 
mass of the planet gear and the resulting 
centrifugal forces.
The investigations led to the following 
conclusions: The strategy of using a 
smaller rolling element diameter and sub-
sequently increasing the number of rolling 
elements results in a bearing support with 
reduced friction and a higher load carry-
ing capacity. Calculations have shown an 
increase in rating life by 55 % for the opti-
mized bearing in conjunction with a re-
duction in the planet gear mass by 30 %. 
This leads to a reduction in friction by 50 % 
in the radial bearing and a reduction in 
the centrifugal force by 60 %. Figure 4 
provides an overview of the successes 
achieved in development.
Latest findings from  
axial bearing supports for 
planet gears
In a planetary gear set, the annulus, the 
planet gear and the sun wheel mesh with 
each other. The planet gear plays a spe-
cial role as it meshes with both the an-
nulus and the sun wheel. The gear teeth 
Optimized planet gear bearing
cage design -11 % Schaeffler
Optimized planet gear bearing
cage coating -23 % Schaeffler
Weight-optimized
planet gear
-50 % Currently responsibility
of the customer
Optimizations compared 
with the previous product
Friction behavior 
compared with the 





Figure 4 Overview of improvements
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are helical. Meshing forces are generat-
ed when the planet gear meshes with 
the annulus and the sun wheel. They 
cause a force that acts on the planet 
gear stud in circumferential direction 
(Figure 5).
Furthermore, centrifugal forces occur 
when the planet carrier rotates. The rota-
tion of the planet gear generates frictional 
forces due to the contact with the planet 
gear bearing. Forces are also generated 
by the angular acceleration of the planet 
gear, and additional frictional forces result 
from the rolling contact itself. All three 
forces act against one of the two meshing 
forces depending on the direction of the 
power flow. This causes irregularities in 
the sun/planet and planet/annulus sys-
tems, resulting in an axial force that acts 
on the end faces of the planet gears (red 
arrows). 
As part of the development work in this 
field, Schaeffler modified the last position 
without rolling bearing supports in the plan-
etary gear set. This position has a sliding 
contact surface. It comprises either a non-
ferrous metal washer or a steel washer, and 
sometimes also a combination of materials. 
The non-ferrous metal washer is the friction 
partner for the planet carrier made of un-
hardened steel. The steel washer is used as 
a thrust washer for the planet gear and its 
bearing.
The plain washers are very small. They 
can have various characteristics despite 
their dimensions, for example an inside 
diameter of 17 mm, an outside diameter of 
30 mm, and a thickness of 1 mm. These 
include:
 – special oil feed grooves or oil ways,
 – retentions for simplified final assembly,
 – anti-rotation locking devices (to prevent 
abrasive wear), and
 – various coatings.
The small design envelope represents a 
major challenge for the development of an 
adequate rolling bearing. A reliable stan-
dard axial needle roller bearing has a prod-
uct width of 2.13 mm. The needle roller di-
ameter is 1.5 mm, and the washer thickness 
is 0.63 mm.
The objective was to develop a new ax-
ial needle roller bearing with the same 
smaller dimensions. Schaeffler has suc-
cessfully achieved this with its latest axial 
needle roller bearing with an axial washer. It 
has an inside diameter of 17 mm, an outside 
diameter of 29.9 mm, and a thickness of 
1.2 mm. Schaeffler was able to reduce the 
needle roller diameter to 1.0 mm and the 
washer thickness to 0.2 mm (Figure 6). 
This design places very high demands 
on the quality of the material and its sur-
face and heat treatment in order to fulfill 
the requirements for rolling bearings and 
withstand the occurring loads. The film-
like washer thickness also represents a 




















Figure 5 Force conditions on the planet gear
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cess. The needle roller with a diameter of 
1 mm and a length of 2.25 mm is the 
smallest rolling element ever used in 
transmission applications. The axial nee-
dle roller cage must have a very filigree 
design in order to securely guide and re-
tain the needle rollers. 
The behavior of the axial bearing sup-
port in the planetary gear set for an entire 
transmission and its effects on fuel con-
sumption were investigated for four differ-
ent planetary gear sets using simulation 
tools. The simulation was based on the 
NEDC with a reduced number of load 
points of 1,400. The engine data map 
based on the NEDC and the mass inertia 
values correspond to those of a premium 
vehicle. The friction parameters were de-
termined on the basis of test stand runs 
(Figure 7) [4, 5].
The results in Figure 8 show a compari-
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BEARINX® transmission calculation in acc. with the NEDC
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Friction parameters µR from the heat balance
Figure 7 Simulation
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etary gear sets under various load condi-
tions using plain bearings or rolling bearings. 
The values can be accumulated for the rel-
evant gears only. Under the specified load 
conditions, the axial bearing achieves rela-
tively high values in two planetary gear sets, 
which represent a highly effective reduction 
in friction if a suitable rolling bearing support 
is used.
In the third gear, for example, the maxi-
mum frictional power is 470 W if a thrust 
washer is used, but only 50 W if an axial 
needle roller bearing support is used. For 
the entire transmission with four planetary 
gear sets, this means a reduction in fric-
tional power by 420 W or 90 % in the third 
gear. Based on the simulation, a reduction 
in fuel consumption by around 0.5 % in the 
NEDC can be expected if the plain wash-
ers are replaced with axial needle roller 
bearings.
Comparative tests with axial bearings 
and plain washers on an axial bearing high-
speed test stand also confirmed reduced 
frictional torque and additional temperature 
differences. To determine the speed limits 
of the axial bearing depending on the axial 
load, the oil temperature and the oil flow 
rate, the axial load is introduced into the test 
stand using a hydraulic system. The hydro-
static system enables measurements of the 
frictional torques at high speeds. 
Speeds of 6,000 rpm and 20,000 rpm 
were specified as test conditions. The axial 
load was 500 N. A reduction in frictional 
torque from 0.23 Nm to 0.024 Nm was 
achieved at a speed of 6,000 rpm. At a 
speed of 20,000 rpm, the frictional torque 
was reduced from 0.13 Nm to 0.03 Nm. This 
means that the frictional torque can be re-
duced by around 90 % with the new axial 
needle roller bearing. At the same time, the 
temperature on the bearing position de-
creases by 5 to 10 °C (Figure 9).
As an alternative to complex and costly 
tests with planetary gear sets in entire trans-
missions, Schaeffler has a component test 
stand that provides the option of investigat-
ing the function and operating life of entire 
planetary gear sets subjected to centrifugal 
force and specified loads. The moment is 
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Figure 8 Simulation results
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etary gear sets. Ad-
ditional influencing 
parameters of the 
test setup are the 
supplied quantity of 
oil and its tempera-
ture for lubricating 
and cooling the 
gear set. The mea-
sured bearing tem-
perature has proven 




sors measure the 
temperature directly 
in the gear set on 
each planet gear 
bearing support. 
This enables con-
clusions to be 
drawn about the 
functional capability and the behavior of the 
system during the test. If a sudden increase 
in temperature is measured, this is a reliable 
indication of damage to the planet gear 
bearing support. In most cases, this means 
that the bearing cage is defective. 
This test stand can also be used for 
comparative tests with planetary gear sets 
using axial bearings and planetary gear 
sets using plain washers. For this test set-
up, the annular gears were preloaded 
against each other by up to 1,000 Nm and 
located. The planet carriers were subject-
ed to a drive speed of up to 6,000 rpm. 
This resulted in a maximum planet gear 
speed of 20,000 rpm.
The measurement results in Figure 10 
show the mean and maximum values of the 
axial bearing and plain washer tempera-
tures and the corresponding temperature 
differences. A comparison of the results for 
an input moment of 100 Nm and at a speed 
of 6,000 rpm, and for an input moment of 
1,000 Nm and at a speed of 2,500 rpm 
shows significant differences between the 
two design variants. The mean temperature 
difference is 1.5 °C in the first case and 3 °C 
in the second case. The maximum values 
even show a temperature difference of 4 °C 
and 5 °C, respectively.
The reduced temperatures and fric-
tional torques determined in the simula-
tion of the entire transmission and in 
actual component tests of individual bear-
ings (Figure 11) have a significant effect on 
the system’s emission characteristics. For 
example, the calculated reduction in CO2 
emissions of the entire transmission in 
the NEDC is around 1 %. Replacing the 
planet thrust washers in an automatic 
transmission comprising four planetary 
gear sets with axial bearings results in a 
reduction in CO2 emissions of 1 % with 
additional costs amounting to less than 
ten euros.
µR axial washer
µR axial needle roller bearing 
Temp. of axial washer



























Frictional torque in relation to speed 
with an axial load of 500 N
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Functional tests on the axial bearing high-speed test stand
Axial load, bearing and oil temperature, oil flow rate, frictional torque, 
speed and operating time can generally be measured.
Figure 9 Results of the friction and temperature measurements on the 
axial bearing high-speed test stand
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The planetary gear set system with the axial bearing was tested and compared with the plain 
washers on this test stand.
For this test setup, the annular gears were preloaded against each other by up to 1,000 Nm and 
located (speed 0 rpm). The planet carriers reached a drive speed of up to 6,000 rpm.
The temperature is measured on the planet gear stud.
Figure 10 Functional tests on the planetary gear set test stand and results
























Planetary gear set test
(6,000 rpm)
The axial needle roller 
bearings achieve a 
reduction in CO2 
emissions of 1 %
with additional costs 
of only 10 euros 
Figure 11 Effects on emission characteristics
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Modular design in planetary gear 
sets
Today, Schaeffler offers and supplies a 
large number of individual components 
and additional parts for planetary gear 
sets. Examples are the planet gear bear-
ings that radially position the planet gear, 
support bearing forces and moments, and 
ensure rotation with minimal friction. The 
planet gear stud represents the inner race-
way of the planet gear bearing. Schaeffler 
offers planet gear studs in all oil feed and 
geometry variants. The axial contact be-
tween the planet gear and the planet gear 
bearing is supported by the plain washers 
described above or by the newly devel-
oped axial needle roller bearings, which 
are also Schaeffler components. The plas-
tic oil collector and the axial needle roller 
bearings running on the planetary gear set 
complement Schaeffler’s product range 
(Figure 12).
The carrier usually comprises formed 
parts that are drawn and punched and 
have gear teeth manufactured by forming 
methods. Schaeffler uses its core exper-
tise in these manufacturing technologies 
for a wide range of products, such as 
planet gear carriers or multi-disk clutch 
carriers. 
Welding is the preferred joining method 
for manufacturing planet gear carriers. 
Schaeffler also has extensive experience in 
riveting technology, which is used for dual 
mass flywheels, torque converters or an-
nulus carriers, for example. This expertise 
can also be used for the assembly of plan-
et carriers. The advantages of riveting 
compared to thermal joining are that no 
thermal distortion occurs and no welding 
spatter must be removed due to welding. 
Schaeffler also develops the gears for 
planetary gear sets in-house in order to be 
able to offer comprehensive assemblies. 
During this development work, Schaeffler 
has gained a great deal of experience in 
high-performance planetary gear sets. 
Schaeffler has therefore been able to posi-
tion itself as a development partner and 
supplier for mechanical assemblies or 
comprehensive solutions for planetary 
gear sets for manufacturers of entire trans-
missions.
Radial rolling bearing support 
for planet gears (KZK)
Axial plain bearing support 
for planet gears (AS)
Axial rolling bearing support 
for planet gears (SAX)
Oil distributor and metering 
elements, plastic parts




Integrated axial needle roller 
bearing supports for main shafts
Additional modules, 
e.g. clutch carrier
Figure 12 Schaeffler components with modular design for planetary gear sets
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Schaeffler offers modular concepts for 
planetary gear sets that can easily be in-
tegrated into existing transmission de-
signs. The gear sets are characterized by 
gear teeth (spline teeth, engaging teeth) 
that are manufactured using forming 
methods. The planet carrier can be de-
signed and manufactured using welding 
or riveting technology. Due to lower pur-
chasing costs and shorter cycle times, 
riveting is particularly suitable if new ma-
chinery must be purchased. The entire 
gear set including additional parts is 
matched to the specific application in or-
der to achieve the best possible oil lubri-
cation and the lowest possible friction. 
The planet carriers can be designed with 
adjacent components such as multi-disk 
clutch carriers and annulus carriers, or in-
tegrated into load stages and differential 
stages (Figure 13).
Collaboration between Schaeffler’s 
specialists and the transmission manu-
facturer early on in the concept phase is 
useful if the modular strategy is to develop 
its full potential. 
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Figure 13 Variations in planetary gear set modules
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